INTRODUCTION
============

Autophagy is an evolutionary conserved housekeeping cellular degradation and recycling process, whereby misfolded proteins and exhausted organelles are degraded to maintain cellular homeostasis. A series of autophagy-related proteins are involved in these processes, including microtubule associated protein 1 light chain 3-II (LC3-II), LC3-I, sequestosome 1 (P62), BCL2/adenovirus E1B interacting protein 3 (Bnip3), and lysosomal-associated membrane protein 1 (Lamp-1) \[[@r1], [@r2]\].

Skeletal muscle is the most abundant tissue in human body, accounting for about 40-55% of the body weight. It is also the largest metabolic organ in the body \[[@r1]\]. Autophagy plays a key role in the regulation of muscle mass, either excessive or impaired autophagy leads to muscle mass wasting \[[@r3]\]. Deficiency in the basic autophagy function causes accumulation of misfolded proteins and exhausted organelles and results in skeletal muscle cell dysfunction and death. On the contrary, excessive autophagy can also be deleterious by causing cellular stress and muscle protein degradation \[[@r4]\].

Muscle mass declines with increasing age, which is termed sarcopenia \[[@r5]\]. At the cellular level, aging is characterized by a progressive accumulation of dysfunctional cellular proteins and organelles, which results in a disruption of cellular homeostasis, progressive degeneration, and increases the risk of cell death \[[@r6], [@r7]\]. Several animal models have showed that ablation of autophagy function results in precocious aging and muscle wasting in mice \[[@r8], [@r9]\]. However, it is still controversial about the changes of autophagy function in skeletal muscle with increasing age. Based on the evidence from lower organisms and non-muscle tissue, most literature held the concept that skeletal muslcle autophagy declines with aging. Declined autophagy results in the accumulation of dysfunctional and damaged cellular components and causes muscle cells impairments and muscle wasting \[[@r10], [@r11]\]. On the contrary, a recent study showed that autophagy and mitophagy in mice muscle were enhanced during aging, which may contribute to the decline in organelle contents and muscle mass, but serve to maintain a healthy organelle pool and muscle cells function \[[@r12]\]. Many studies have shown that the expression of autophagy-related proteins in muscle alters significantly during aging, but inconsistent results have been found from different studies. McMullen et al. showed that the expression of Atg5, Atg7, LC3-II, and LC3-I decreased during aging in rat skeletal muscle \[[@r13]\]. On the contrary, Komatsu et al. found that the expression of LC3 increased during aging in mice muscle, whereas the ratio of LC3-II/LC3-I remained unaltered \[[@r14]\]. Moreover, a study from Sebastian et al. showed that Bnip3, P62, LC3-II, and LC3-II/LC3-I increased during aging in mice muscle \[[@r11]\]. These inconsistent results suggested that the measurement of autophagy-related proteins at the static level can often lead to discrepancies in interpretation, because autophagy is a dynamic process. Therefore, measurement of autophagy flux is necessary to reflect the real condition of autophagy within muscle cells during aging. Until a recent study, no previous studies have investigated the alterations of autophagy during aging in skeletal muscle using autophagy flux measurements \[[@r12]\].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a cytoprotective gene which mainly functions to protect cells against oxidative stress and toxicants. In recent years, increasing evidences have revealed the role of Nrf2 in the regulation of autophagy \[[@r15], [@r16]\]. However, few studies have investigated the role of Nrf2 in regulation of autophagy in skeletal muscle. Previous studies from our group and other researchers have found that deficiency of Nrf2 exacerbated muscle loss in the old individuals \[[@r17], [@r18]\]. However, it is still unclear about the alterations of autophagy after genetic ablation of Nrf2. Therefore, the present study aims to explore the impact of Nrf2 deficiency on the autophagy function in skeletal muscle, as well as its connection with the development of sarcopenia during aging.

RESULTS
=======

Influence of Nrf2 deficiency and increasing age on the expression of autophagy-related proteins in skeletal muscle
------------------------------------------------------------------------------------------------------------------

As shown in [Figure 1](#f1){ref-type="fig"}, in WT mice, the expression of LC3b-II and the ratio of LC3b-II/LC3b-I increased during aging (P \<0.05). Middle-aged WT mice had a significantly higher LC3b-II level compared with young WT mice (P \<0.05). Old WT mice had a significantly higher LC3b-II/LC3b-I ratio compared with young WT mice (P \<0.05). P62 did not show significant alterations during aging. Bnip3 protein level decreased significantly during aging. Old WT mice had a significantly lower Bnip3 level compared with middle-aged WT mice. Lamp-1 showed a trend of decrease during aging, but the difference was not statistically significant.

![**Expression of LC3b-II, LC3b-I, P62, Bnip3, and Lamp-1 proteins in young WT, middle-aged WT, and old WT mice.** (**A**) Western blot images. (**B**--**F**) Statistical graphs. Data represent mean ± SE, (n=4-5). \*P \<0.05 effect of age by one-way ANOVA. \#P \<0.05 compared with young WT mice. &P \<0.05 compared with middle-aged WT mice.](aging-12-102990-g001){#f1}

As shown in [Figure 2](#f2){ref-type="fig"}, in Nrf2 KO mice, the expression of LC3b-II and the ratio of LC3b-II/LC3b-I increased during aging (P \<0.05). Old KO mice had a significantly higher expression of LC3b-II compared with young KO and middle-aged KO mice. Moreover, old KO mice had a significantly higher LC3b-II/LC3b-I ratio compared with young KO mice. P62 protein level decreased significantly with aging in KO mice. Middle-aged KO and old KO mice had a significantly lower P62 level compared with young KO mice. Bnip3 protein level showed a trend of decrease with aging in KO mice, but the difference was not statistically significant. Lamp-1 protein level decreased significantly with aging in KO mice. Middle-aged KO and old KO mice had a significantly lower Lamp-1 level compared with young KO mice.

![**Expression of LC3b-II, LC3b-I, P62, Bnip3, and Lamp-1 proteins in young KO, middle-aged KO, and old KO mice.** (**A**) Western blot images. (**B**--**F**) Statistical graphs. Data represent mean ± SE, (n=4-5). \*P \<0.05 effect of age by one-way ANOVA. \#P \<0.05 compared with young KO mice. &P \<0.05 compared with middle-aged KO mice.](aging-12-102990-g002){#f2}

As shown in [Figure 3](#f3){ref-type="fig"}, Nrf2 deficiency caused a significant decrease of LC3b-II, Bnip3, and Lamp-1 levels in the young mice, but did not seem to influence the P62 expression level. LC3b-II/LC3b-I ratio showed a trend of decrease in young KO mice compared with young WT mice, but the difference was not statistically significant.

![**Expression of LC3b-II, LC3b-I, P62, Bnip3, and Lamp-1 proteins in young WT and young KO mice.** (**A**) Western blot images. (**B**--**F**) Statistical graphs. Data represent mean ± SE, (n=5), \*statistically significant.](aging-12-102990-g003){#f3}

As shown in [Figure 4](#f4){ref-type="fig"}, Nrf2 deficiency caused a significant decrease of LC3b-II, LC3b-II/LC3b-I ratio, and P62 levels, but did not seem to influence the Bnip3 and Lamp-1 levels in the middle-aged mice.

![**Expression of LC3b-II, LC3b-I, P62, Bnip3, and Lamp-1 proteins in middle-aged WT and middle-aged KO mice.** (**A**) Western blot images. (**B**--**F**) Statistical graphs. Data represent mean ± SE, (n=5), \*statistically significant.](aging-12-102990-g004){#f4}

As shown in [Figure 5](#f5){ref-type="fig"}, Nrf2 deficiency caused a trend of decrease in LC3b-II and Bnip3 in the old mice, but the difference was not statistically significant. Old KO mice had a significantly lower LC3b-II/LC3b-I ratio, P62, and Lamp-1 levels compared with old WT mice.

![**Expression of LC3b-II, LC3b-I, P62, Bnip3, and Lamp-1 proteins in old WT and old KO mice.** (**A**) Western blot images. (**B**--**F**) Statistical graphs. Data represent mean ± SE, (n=5), \*statistically significant.](aging-12-102990-g005){#f5}

Nrf2 deficiency promoted the increase of autophagy flux induced by increasing age
---------------------------------------------------------------------------------

As shown in [Figure 6](#f6){ref-type="fig"}, old WT mice had a trend of higher colchicine-induced accumulation of LC3b-II, P62, and Lamp-1 compared with young WT mice, but the difference were not statistically significant. Colchicine induced a significantly higher accumulation of Bnip3 in the old WT mice compared with young WT mice (P \<0.05). As shown in [Figure 7](#f7){ref-type="fig"}, colchicine induced a significantly higher accumulation of LC3b-II, P62, Bnip3, and Lamp-1 in the young KO mice compared with young WT mice (P \<0.05). Similarly, colchicine induced a significantly higher accumulation of LC3b-II, P62, Bnip3, and Lamp-1 in the old KO mice compared with old WT mice (P \<0.05) ([Figure 8](#f8){ref-type="fig"}).

![**Autophagy flux in skeletal muscle of young WT and old WT mice.** (A) Western blot images. (**B**--**E**) Statistical graphs. Autophagy flux was calculated by the fold of changes in the expression of LC3b-II, P62, Bnip3, and Lamp-1 induced by colchicine. Data represent mean ± SE, n=3. \*statistically significant.](aging-12-102990-g006){#f6}

![**Autophagy flux in skeletal muscle of young WT and young KO mice.** (**A**) Western blot images. (**B**--**E**) Statistical graphs. Data represent mean ± SE, n=3-4. \*statistically significant.](aging-12-102990-g007){#f7}

![**Autophagy flux in skeletal muscle of old WT and old KO mice.** (**A**) Western blot images. (**B**--**E**) Statistical graphs. Data represent mean ± SE, n=3-4. \*statistically significant.](aging-12-102990-g008){#f8}

Nrf2 deficiency and increasing age activated AMPK and ROS signals
-----------------------------------------------------------------

AMP-activated protein kinase (AMPK) and reactive oxygen species (ROS) are well-recognized activator of autophagy. As shown in [Figure 9](#f9){ref-type="fig"}, AMPK phosphorylation level in the threonine (Thr) 172 site increased significantly during aging, both in the WT and KO mice. Moreover, Nrf2 deficiency caused a significant increase of AMPK Thr172 phosphorylation level in all of the three age groups. As shown in [Figure 10](#f10){ref-type="fig"}, total ROS and mitochondrial ROS levels increased significantly during aging, both in the WT and KO mice. Moreover, Nrf2 deficiency caused a significant increase of total ROS and mitochondrial ROS levels both in the young and old mice.

![**AMPK phosphorylation level in skeletal muscle of different groups.** (**A**, **C**, **E**, **G**, **I**) Western blot images. (**B**, **D**, **F**, **H**, **J**) Statistical graphs. Data represent mean ± SE, n=4-5. \*P \<0.05 main effect. \#P \<0.05 compared with young mice. &P \<0.05 compared with middle-aged mice.](aging-12-102990-g009){#f9}

![**ROS level in skeletal muscle of different groups.** (**A**) Mito-Tracker green is a marker of mitochondria, dihydroethidium (DHE) is a probe of reactive oxygen species (ROS). Images from green and red fluorescence were merged (yellow) to locate the mitochondrial source of ROS generation. The yellow color indicates ROS within the mitochondria. (**B**) Total ROS. (**C**) Mitochondrial ROS. Data represent mean ± SE, n=3. \#P \<0.05 main effect of age by two-way ANOVA. &P \<0.05 main effect of genotype by two-way ANOVA.\*P \<0.05 Nrf2 KO vs WT mice of the same age.](aging-12-102990-g010){#f10}

Nrf2 deficiency exacerbated skeletal muscle loss during aging
-------------------------------------------------------------

Skeletal muscle mass was analyzed by measurement of CSA in the EDL and SOL muscles. As shown in [Figure 11](#f11){ref-type="fig"}, Nrf2 deficiency and increasing age caused a significant decrease of CSA both in the EDL and SOL muscles (P \<0.05). Moreover, Nrf2 deficiency resulted in a significant decreased CSA of the EDL and SOL muscles in the old mice (P \<0.05), but not in the young mice.

![**Nrf2 deficiency exacerbated skeletal muscle loss during aging.** (**A**, **C**) Representative images of the cross-sectional area (CSA) of extensor digitorum longus (EDL) and soleus (SOL) muscles by HE staining. (**B**, **D**) CSA of the EDL and SOL muscles in the young and old mice of WT and KO genotypes. Data represent mean ± SE, n=3. \#P \<0.05 main effect of age by two-way ANOVA. &P \<0.05 main effect of genotype by two-way ANOVA.\*P \<0.05 Nrf2 KO vs WT mice of the same age.](aging-12-102990-g011){#f11}

DISCUSSION
==========

Currently, most literature held the opinion that autophagy function decreased during aging \[[@r10], [@r11]\]. However, most of these evidences were based on measurements of autophagy-related genes/proteins at. the static level, which can often lead to discrepancies in interpretation. It is has been recognized that autophagy flux measurements can provide direct evidence of the dynamic process of autophagy. However, few previous studies have provided their evidence based on the measurements of autophagy flux. In contrast with most previous studies, our study showed that increasing age lead to a trend of increased autophagy in skeletal muscle, using autophagy flux measurements. The finding of our study is in consistent with a recent study, which showed that autophagy flux in skeletal muscle increased during aging, whereas chronic contractile activity decreased autophagy flux in the skeletal muscle of the aged mice \[[@r12]\]. The researchers speculated that autophagy increased to selectively remove the dysfunctional organelles so as to maintain a healthy pool of organelles in the skeletal muscle during aging, which resulted in the loss of muscle cell content and muscle mass \[[@r12]\].

Nrf2 is a cyto-protective gene which plays a key role in antioxidant and cell defense. In recent years, increasing studies have revealed a correlation between Nrf2 and autophagy. Pajares et al. showed that Nrf2 activated the expression of autophagy-related genes in mouse brain and embryo fibroblasts \[[@r19]\]. Tang et al. showed that Nrf2 increased the expression of autophagy-related genes in the mice brain in an age dependent manner \[[@r20]\]. Currently, few studies have investigated the association of autophagy with Nrf2 in the muscle tissues \[[@r21]\]. Kitaoka et al. showed that Nrf2 KO did not affect denervation-induced alterations of autophagy in mice skeletal muscle \[[@r21]\]. However, none of these studies have measured autophagy flux in an animal model. Our study showed that Nrf2 KO decreased the levels of autophagy-related proteins, including LC3b-II, LC3b-II/I, P62, Bnip3, and Lamp-1, which was in consistent with previous studies \[[@r19], [@r20]\]. However, the explanation of our results was different from previous studies. Using autophagy flux measurements, we proved that Nrf2 KO significantly increased autophagy in the muscle tissue. Therefore, we attributed the decreased levels of autophagy-related proteins in the Nrf2 KO mice to the faster clearance of these proteins by autophagy.

In the present study, we measured the expression of autophagy-related proteins both in the static state ([Figures 1](#f1){ref-type="fig"}--[5](#f5){ref-type="fig"}) and in the dynamic state by using autophagy flux measurements ([Figures 6](#f6){ref-type="fig"}--[8](#f8){ref-type="fig"}). Although the difference was not always statistically significant in all the models, these two parts of results supplemented each other to prove the hypothesis. For example, in [Figures 3](#f3){ref-type="fig"}--[5](#f5){ref-type="fig"}, we showed that Nrf2 deficiency caused a trend of decrease in LC3b-II, LC3b-II/LC3b-I, P62, Bnip3, and Lamp-1 in the young, middle-aged, and old mice. Although the difference was not always statistically significant, the trend was consistent in all the three age groups. Moreover, in [Figures 7](#f7){ref-type="fig"}--[8](#f8){ref-type="fig"}, we showed that Nrf2 deficiency increased autophagy flux, both in the young and old mice. Increased autophagy flux can cause a faster clearance of autophagy-related proteins and result in a decreased expression level of these proteins in the static state. Taken together, we concluded that autophagy was increased by Nrf2 KO in mice skeletal muscle.

AMP-activated protein kinase (AMPK) and reactive oxygen species (ROS) are well recognized triggers of autophagy. Our study showed that both AMPK and ROS were upregulated following Nrf2 KO and increasing age, this trend was in consistent with the increasing trend of autophagy flux following Nrf2 KO and increasing age. Therefore, we speculated that Nrf2 KO and increasing age may activate AMPK and ROS signals, which cause excessive activation of autophagy in skeletal muscle. AMPK is activated by an elevated AMP/ATP ratio due to cellular and environmental stress. It has been proved that Nrf2 deficiency impaired mitochondrial membrane potential and respiration and reduced the efficiency of oxidative phosphorylation and the synthesis of ATP \[[@r22]\]. This can partially explain the higher AMPK phosphorylation level in the Nrf2 KO mice. Our study also found that ROS levels were higher in the skeletal muscle of Nrf2 KO mice compared with that in the WT mice, which was in consistent with several previous studies \[[@r18], [@r23]\]. There is a close relationship between ROS and autophagy. On the one hand, ROS triggers autophagy. On the other hand, cellular ROS level is decreased by the autophagy process, which forms a negative feedback system \[[@r24]--[@r26]\]. During the aging process, mitochondrial function and antioxidant systems degenerate in the skeletal muscle cells, and this process is exacerbated by Nrf2 deficiency, which leads to energy metabolism dysfunction and oxidative stress. As a result, AMPK and ROS signals are upregulated to activate the autophagy process. The dysfunctional organelles and proteins were then degraded by autophagy to maintain a healthy pool of organelles and to provide the substrate for energy metabolism, which in turn, limit the overactivation of the AMPK and ROS signals. As a result, muscle cell contents and muscle mass were consumed, which lead to the development of sarcopenia.

Previously, most literature held the opinion that aging results in impaired function of Nrf2 in skeletal muscle \[[@r18], [@r27]\], which was based on studies in other tissues, such as *Macaca mulatta* vascular endothelial/smooth muscle \[[@r28]\], rat kidney \[[@r29]\], and mice myocardial cells \[[@r23]\]. However, several previous studies have investigated the effect of aging on the expression of Nrf2 and its downstream cytoprotective genes in the skeletal muscle but the results were inconsistent \[[@r27], [@r30]\]. In recent years, increasing studies have recognized that expression of Nrf2 and its downstream genes in the skeletal muscle can be activated by physical exercise \[[@r27], [@r31]\]. Safdar et al. found that elderly humans who have a physically active lifestyle have an even higher expression level of Nrf2 and its downstream cytoprotective proteins compared with young subjects \[[@r27]\]. This can partially explain the inconsistent previous studies regarding the effect of aging on the expression of Nrf2 and its downstream cytoprotective genes. Therefore, physical exercise can be an effective therapy for improving the Nrf2 function in the skeletal muscle of elderly.

In conclusion, our study demonstrated that Nrf2 deficiency promoted the increasing trend of autophagy during aging in skeletal muscle. Nrf2 deficiency and increasing age may activate AMPK and ROS signals to cause excessive autophagy in skeletal muscle, which can be a potential mechanism for the development of sarcopenia.

MATERIALS AND METHODS
=====================

Animal
------

Nrf2 knockout (KO) mice and their age-matched wild-type (WT) mice at young (5-6 months), middle-aged (11-13 months), and old (20-24 months) age were used in this study. All mice were individually housed under specific pathogen-free facilities with standard environment, diet and water. All of the animal experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals, and the study was approved by Institutional Animal Committee of Tongji University.

Western blot analysis
---------------------

Gastrocnemius muscle samples were homogenized using tissue lysis buffer (Beyotime Biotechnology, China) containing protease inhibitor cocktail and PhosSTOP phosphatase inhibitors (Roche, Switzerland) in an electric homogenizer. Muscle tissue extracts were obtained by centrifugation at 12000rpm for 20min at 4°C. After quantification of protein concentrations, 20μg of protein samples were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by electrophoresis, followed by electrotransferring onto a polyvinylidene difluoride (PVDF) membrane (Millipore, USA) in a wet transfer system (Bio-Rad, USA). The membranes were blocked with 5.0% skim milk or 3% bovine serum albumin (BSA) in room temperature for 1 h and subsequently incubated with primary antibodies overnight at 4°C. The membranes were then incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 1.5 h at room temperature, followed by image exposure using an enhanced chemiluminescence HRP substrate detection kit (ThermoFisher, USA) under Amersham imager 600 (GE, USA) system. The quantification of proteins was performed by calculating the protein band density of each sample and adjusting to the loading control, using Image J software. The primary antibodies used in this study were anti-LC3b rabbit monoclonal antibody (Abcam, UK), anti-P62 rabbit monoclonal antibody (Abcam, UK), anti-Bnip3 rabbit monoclonal antibody (Abcam, UK), anti-Lamp-1 rabbit polyclonal antibody (Abcam, UK), anti-AMPK rabbit monoclonal antibody (CST, UK), anti-AMPK Thr172 rabbit monoclonal antibody (CST, UK).

Measurement of autophagy flux in skeletal muscle
------------------------------------------------

Colchicine (COL) was used as autophagy inhibitor. Young WT, young KO, old WT and old KO mice were randomly assigned to treatment or control groups. Mice in the treatment group received intraperitoneal injections of sterile solutions of colchicine (0.4 mg/kg/day; Sigma) in 3 consecutive days, whereas mice in the control group received injection of equal doses of saline. Protein levels of LC3b, P62, Bnip3, and Lamp-1 were measured in gastrocnemius extracts by western-blot. The ratio of COL values/mean CON values were used to reflect the autophagosome flux values (e.g. young WT COL/mean young WT CON) in each groups.

In situ reactive oxygen species (ROS) detection
-----------------------------------------------

Tibialis anterior muscle samples were embedded in the OCT solution (TissueTek, Japan) and frozen in -80 °C. Frozen sections were made using a freezing microtome and incubated with 5μM dihydroethidium (DHE) and 200nM Mito-Tracker green in 37°C for 30min followed 3 washes with PBS for 5min each time. Immunofluorescence was viewed with a fluorescence microscope (Leica, Germany). Fluorescence intensity of the images was analyzed using Image J software.

Hematoxylin and eosin (HE) staining of skeletal muscle and measurement of myofibril cross-sectional area (CSA)
--------------------------------------------------------------------------------------------------------------

Extensor digitorum longus (EDL) and soleus (SOL) muscle samples were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned and stained with hematoxylin and eosin. The sections were observed and the images were captured under a light microscope system (Leica, Germany). Myofibril cross-sectional area (CSA) was calculated by quantification of the mean CSA of 100 fibers in each mouse using Image J software.

Statistical analysis
--------------------

Continuous variables were represented as mean and stand error (SE). Expression levels of proteins in western-blot analysis were compared using Student's t-tests or one-way ANOVA. Reactive oxygen species (ROS) levels and CSA were compared using two-way ANOVA followed by Bonferroni post-hoc analysis. Two-tailed P values \<0.05 were considered significant. GraphPad Prism software (GraphPad Software, USA) and SPSS statistics version 22.0 (IBM, USA) were used for the statistical analysis.
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